The paper deals with the analysis of a ten-year study on the chemical composition of tubers of forty potato cultivars and their physiological indicators. The research was carried out at the experimental station in Parczew, Poland on a podzolic soil with typical granulometric composition of sandy silty clay, using a randomized block design in four replicates. Forty potato cultivars were the subject of this study, including eight very early, seven early, nine medium early, nine medium late and seven late cultivars. The photosynthetic activity of plants was evaluated by measuring chlorophyll a and b determined in raw leaf matter by the spectrophotometric method as well as by measurements of chlorophyll fluorescence induction of potato leaves using a fluorimeter PAM-2000. Measurements of photosynthetic indicators at various stages of potato development revealed that their increase indirectly reflected the prolongation of plant growing period, which might have a direct impact on yield quality. The chemical composition was determined by standard methods used for tubers. The main objective of the study was to determine the chemical composition of potato depending on the values of chlorophyll fluorescence indicators, which will allow prediction of the chemical composition of tubers during the growing season. The obtained results allow us to predict changes in nutrient content in potato tubers based on the indicators such as: chlorophyll a and b content, minimum and maximum fluorescence yield, maximum efficiency of photosystem in dark and mean plant growth rate.
Introduction
Potato is one of the plant species that are the most effective in transforming the solar energy into human food, both quantitatively and qualitatively (Caldiz et al., 2001; Michałek, Sawicka, 2005; Lamperski, 2007; Struik, 2007; Caldiz, 2009; Loboda, 2010; Kalaji et al., 2011; Brestic et al., 2012; Bahari et al., 2013) . High maximum efficiency of photosystem (PS) II (F v /F m ) indicates relatively high potential efficiency of PSII. According to Sadras et al. (2009) , it is a quite good physiological indicator for evaluating the interactions of abiotic and biotic factors affecting plants. Starck (2014) indicated that the chlorophyll fluorescence induction parameters allow estimating the course and efficiency of photochemical reactions during the light phase, leading to produce the so-called "assimilation force", and their relationships with enzymatic reactions during the dark phase of photosynthesis. Michałek and Sawicka (2005) as well as Loboda (2010) agree that the values of particular chlorophyll fluorescence indicators mainly depend on the genetic properties of cultivars which produce their own assimilates in an individual and specific manner. Starck (2010) suggested that stress conditions may invoke disorganization in the chloroplast membranes, which directly affects the lower efficiency of PSII. Field-cultivated plants are influenced by a wide spectrum of stress factors, such as low or high temperatures, water deficit, excessive radiation within the photosynthetically active range, mechanical injuries, gaseous contamination, phytotoxins, herbicides applied, or intensive fertilization, mainly with nitrogen. These factors disturb the growth and development of plants and consequently affect yields. Photosynthesis is a metabolic process that is very sensitive to stress factors. Paul and Foyer (2001) assume that usually not only a single factor but several stress factors have simultaneous effects on a plant and thus the so-called multi-stress occurs. According to Kalaji et al. (2012) and Starck (2014) , such stress results in photoinhibition of photosynthetic reactions, which manifests mainly as the destruction of PSII as well as the slowing down of the electron transport in both photosystems (Czyczylo-Mysza et al., 2013) . In the case of prolonged photoinhibition, oxidation stress may be invoked in plant tissues, which leads to freeradical lipid oxidation within chloroplast membranes as well as to oxidation of photosynthetic pigments. Both the photoinhibition effects and disintegration of the photosynthetic apparatus make the values of the chlorophyll fluorescence parameters change. The phloem plasmodesmata take part in the regulation of loading and unloading processes, perhaps by sorting macromolecules during their passing through them. In the companion cells the expression of many genes takes place and their products are loaded into sieve tubes; therefore they are indirectly involved in the mechanism of phloem transport. The presented data, concerning regulation of plant processes indicate that they developed a very robust, signalling and information-processing apparatus of chemical and physical pathways (Starck, 2011) . Due to the fact that a quite a broad spectrum of potato cultivars with a diverse chemical composition of tubers and various physiological properties are cultivated in Poland, there is a need to evaluate the relationship between these traits, which could make it possible to select cultivars characterized by physiological features that would allow a beneficial chemical composition of tubers to be achieved.
Material and methods
The results were obtained from a strictly controlled 10-year (2001-2010) field experiment carried out at the experimental station in Parczew, Lubelskie Voivodeship, Poland on a light soil of the rye complex using a randomized block design in four replicates. Forty potato (Solanum tuberosum L.) cultivars were the subject of this study, including eight very early ('Accent', 'Aster', 'Bard', 'Drop', 'Denar', 'Irys', 'Lord', 'Orlik'), seven early ('Aksamitka', 'Albina', 'Bila', 'Karlena', 'Latona', 'Sumak', 'Vineta'), nine medium early ('Barycz', 'Baszta', 'Glada', 'Harpun', 'Ibis', 'Ikar', 'Irga', 'Klepa', 'Mila'), nine medium late ('Ania', 'Anielka', 'Arkadia', 'Bryza', 'Danusia', 'Fregata', 'Panda', 'Salto', 'Wolfram') and seven late ('Bzura', 'Dunajec', 'Hinga', 'Jantar', 'Jasia', 'Meduza', 'Wawrzyn'). Mineral nutrition at a constant level (N -90, P 2 O 5 -90, K 2 O -135 kg ha -1 ) was applied in summer before planting, while organic fertilization in the form of cattle manure composed of: dry matter -24%, N -21.5 g kg -1 dm -3 , P -6.1 g kg -1 dm -3 , K -15.7 g kg -1 dm -3 , Ca -7.8 g kg
at a rate of 25 t ha -1 was used in autumn. The health of seed tubers was comparable (health class C/A). Planting and all other agronomic operations were carried out in accordance with good agricultural practices. During the harvest, tuber samples were collected for chemical determinations. Chemical analyses of raw material were performed just after the harvest in three replicates. Dry matter in tubers was determined by drying at 105°C, according to the standard method; starch content was evaluated using Evans polarimetric method; total sugars and reducing sugars content − according to HagedornJensen with Brzeski and Kaniuga modifications; total protein -by Kjeldahl method using an automated system Kjeltec™ 2100 (FOSS Inc., Denmark); specific protein as protein insoluble in 10% trichloroacetic acid (AOAC, 2012) ; crude fibre -according to Scharrer and Kürschner (Baryłko-Pikielna, Matuszewska, 2014) ; vitamin Cspectrophotometrically by the xylene method; nitratesfollowing the standard PN-EN 12014-7 (2001) .
The following physiological traits were determined: chlorophyll a and b content in raw leaf matter; mean leaf assimilation surface area; mean growth rate according to Starck (2010) , as well as the following chlorophyll fluorescence parameters: maximum efficiency of photosystem (PS) II in the dark (F v /F m ), efficiency of PSII in the light (F v' /F m' ), maximum fluorescence efficiency (Y), quantum yield of chlorophyll (Ф PSII ), coefficient of photochemical fluorescence quenching (q p ) and coefficient of non-photochemical fluorescence quenching (q n ).
The photosynthetic activity of plants was evaluated by measuring chlorophyll a and b determined in raw leaf matter by the spectrophotometric method as well as by measurements of chlorophyll fluorescence induction of potato leaves using a fluorimeter PAM-2000 (Walz GmbH, Germany) at three growth stages: full emergence, full bloom and beginning of leaf senescence according to Schreiber et al. (1997) . The chlorophyll fluorescence was measured at the third true leaf according to the standard method. All measurements were made in four replicates.
The study results were statistically processed applying variance, correlation, and polynomial regression analyses. Significance of sources of variation was verified using the Fisher-Snedecor test. The functional parameters were evaluated by means of the least squares method, while significance was verified using the Student's t-test. During all calculations, the dependent variables (y) were the content of: y 1 -dry matter, y 2 -starch, y 3 -total sugars, y 4 -reducing sugars, y 5 -total protein, y 6 -specific protein, y 7 -crude fibre, y 8 -ash, y 9 -vitamin C, y 10 -nitrates; whereas the independent variables (x) were the following: x 1 -mean leaf assimilation surface area, (Table 1) . Kożuchowski et al., 2013) 
Results
The stability of the chemical composition of tubers as well as the physiological growth parameters were evaluated by means of the variation coefficient (V) which is independent of the units and allows both trait types to be compared to one another. The values of the variation coefficient for individual tubers and of the photosynthetic efficiency indicators varied (Tables  2-3) . Parameters of tuber chemical composition such as total sugars (V = 4.01%), vitamin C (V = 5.93%), and reducing sugars (V = 6.69%) were characterized by the lowest variation coefficient, which can prove quite high stability of these chemical components in tubers of very early, early, and medium early cultivars. Nitrate content (75.77%) was reported to be the least stable feature of potato tubers (Table 2 ). The low value of the standard deviation, for example, for the dry matter content of tubers shows a high concentration of dry matter. Kurtosis ranged between −0.57 for crude fibre and 2.33 for total sugars ( Table 2) .
The skewness coefficient is set to zero for asymmetric distribution, negative values for distributions with left-sided asymmetry (left-hand extended distribution) and positive values for distributions with right-sided asymmetry (right-hand extended distribution). A negative value for the left-hand asymmetric distributions (lefthand extended decomposition) was observed for total sugars, total protein and vitamin C. Negative kurtosis for these traits indicates a flattening of their range. A positive coefficient of skewness for dry matter, starch, reducing sugars, specific protein, crude fibre, ash and nitrates is evidence of right-hand distribution of these features around the mean or right-hand asymmetry. In contrast to the standard deviation, which determines the characteristics of absolute differences, the coefficient of variation is a measure of the absolute, depending on the value of the arithmetic mean, and a measure of the spread of the results. As regards the chemical composition of tubers, vitamin C (75.77%) showed the greatest variation among the examined characters, while the lowest variation was found for total sugars (4.01%). This means that in the conditions of south-eastern Poland, the most stable is the sum of the content of sugars, whereas the nitrate content in potato tubers is the most variable.
Among the photosynthetic efficiency indictors, photochemical fluorescence quenching coefficient (q p ) (V = 5.2%), current chlorophyll quantum efficiency (Ф PSII ) (V = 6.3%), maximum efficiency of PSII in the dark (F v /F m ) (V = 6.9%) and efficiency of PSII in the light (F v' /F m' ) (V = 7.3%), were most stable, whereas mean growth rate (V = 49.7%) and mean leaf assimilation surface area (V = 46.82%) were most variable, which also indicates poor reproducibility of the latter traits (Table 3) .
Under the experimental conditions, the chemical composition of tubers was associated with different degrees of the physiological indicators of potato growth. The dry matter content was determined by mean leaf assimilation surface area as well as chlorophyll a and b content in leaves. Reducing the assimilation surface area by 1 dm -2 along with increasing the chlorophyll a content by a unit and simultaneously decreasing the chlorophyll b level in leaves by the standard deviation value around the arithmetic mean, assuming that the other factors are at their average levels, resulted in a change in dry matter content by values presented in Table 4 and Figure 1 . The determination coefficient for that equation (55.29%) indicates that its components greatly determine dry matter accumulation in tubers; however, more than 44% of the trait variability is determined by factors that were not included in the regression model. Explanations of independent variables (x) in Table 3 Figure 1. Partial dependence of regression of tuber dry matter on average leaf assimilation area and chlorophyll a content during flowering Starch content was associated with mean leaf assimilation surface area, chlorophyll a content in leaves and maximum efficiency of PSII in the dark. Reduction of assimilation of leaves and maximum photosynthetic capacity, within the standard deviation from the arithmetic mean, resulted in a reduction of the starch content in tubers (Table 4, Fig. 2 ). The determination coefficient (D) for the equation (D = 53.73%) indicates that its components greatly determined starch accumulation in tubers; more than 46% of the trait variability was determined by factors that were not included in the regression model.
The level of total sugars, which determines the suitability of potato cultivars for foodstuff processing, appeared to be dependent on chlorophyll a and b contents in leaves as well as on minimum and maximum fluorescence yield. Decreasing the chlorophyll a concentration by a unit and simultaneously increasing other physiological indicators -within the standard deviation range around the arithmetic mean -resulted in a change in total sugars content in tubers by values presented in Table 4 . The determination coefficient amounted to 63.85%, which indicates high reliability of the assumed regression model.
The concentration of reducing sugars in tubers, which affects the colour of potato fried products, was determined based on chlorophyll a and b contents. Lowering the chlorophyll a content with increasing the chlorophyll b content by a unit -within the standard deviation range around the arithmetic mean -contributed to a change in the quantity of these sugars by values presented in Table 4 and Figure 3 . However, it should be underlined that the determination coefficient of the regression equation was not so high (53.63%), indicating that this trait can be influenced by some other factors that were not included into the functional model. Total and specific protein content was significantly determined by mean leaf assimilation surface area and chlorophyll a concentration in leaves. In the case of total protein, a reduction in leaf assimilation surface area and a decrease in chlorophyll b content -within the standard deviation range around the arithmetic mean -had an effect of increasing protein levels; chlorophyll a contents only reduced such trend by values presented in Table 4 . In the case of specific protein content, increasing leaf assimilation surface area and chlorophyll a concentration -within the standard deviation range around the arithmetic mean -may determine the content of this component in potato tubers. Nevertheless, the determination coefficient for the latter regression equation was not high (D = 35.06%), which indicates that other factors that were not assumed in the functional model influenced this feature.
Among the physiological factors analyzed, crude fibre accumulation in potato tubers was determined only by maximum fluorescence yield. Its increase by a unit -within the standard deviation range around the arithmetic mean -caused an increase in the content of this component in tubers by values presented in Table 4 . However, the determination coefficient for this regression equation was rather low and amounted to only 23.69%, which indicates the possibility of other dependences that were not assumed in the functional model discussed. The ash content in tubers was influenced by chlorophyll a and b concentrations. An increase in chlorophyll b content with a simultaneous increase in chlorophyll a level by a unit -within the standard deviation range around the arithmetic mean -and assuming that other factors of the functional model remained at constant levels, contributed to lower accumulation of ashes in potato tubers (Table 4) . The determination coefficient for this regression equation was not high, thus suggesting that the content of minerals in potato tubers could be determined by other parameters not included in the functional model adopted. Vitamin C accumulation -which determines the nutritional value of potato tubers -was only influenced by chlorophyll a concentration in leaves. An increase in chlorophyll a concentration -within the standard deviation range around the arithmetic mean -resulted in an increase in vitamin C concentration by values presented in Table 4 and Figure 4 .
The determination coefficient for this regression equation indicates a high dependence of this trait on chlorophyll a content, although more than 50% of the feature variability is due to other factors that were not taken into account in the accepted functional model.
Nitrate levels in potato tubers were determined by a spectrum of physiological indicators such as: mean leaf assimilation surface area, chlorophyll a and b contents, minimum and maximum chlorophyll fluorescence yield, and mean growth rate. Reducing the mean leaf assimilation surface area, mean growth rate, and chlorophyll a content in leaves along with increasing the chlorophyll b concentration as well as minimum and maximum chlorophyll fluorescence yield by a unitwithin the standard deviation range around the arithmetic mean -determined the nitrates concentrations in tubers. Changes in the amounts of this form of nitrogen in tubers resulting from the above physiological factors are presented in Table 4 . The determination coefficient for the regression equation was high and amounted to 73.22%, which makes it highly reliable.
Discussion
The dry matter, starch, sugars, total and specific proteins, crude fibre, ash, and vitamin C contents in potato tubers were comparable to the results achieved by Dua et al. (2013) as well as by Michałek and Sawicka (2005) , while the nitrates concentration was within the range of permissible values for this component in potato tubers. Michałek and Sawicka (2005) (2010) have reported that the existing differences in chemical composition of tubers are determined by cultivar phenotypic variability, which is a combined effect of genetic and environmental variability.
The present experiments revealed that the total sugar and vitamin C concentrations in the studied potato cultivars did not show any interaction with changing weather conditions. Other features of tuber chemical composition were found to be less stable and showed a significant interaction with the environment. In the research on potato cultivars, indicated that starch content was the most stable and most reproducible trait of tuber chemical composition, for which genotypic variability played a prevalent role. Sadras et al. (2009) reported that the stability of chemical composition can be measured by similarity: the more similar are tuber properties of each particular cultivar, the more stable is a given feature. Mądry and Rajfura (2003) proved that in agricultural sense statistical stability of a trait occurs when the mean value of the trait in a particular cultivar or genotype changes proportionally to the average reaction of all cultivars or genotypes defined on the basis of the environmental mean value.
Coefficient of photochemical fluorescence quenching (q p ) appeared to be the most stable indicator of chlorophyll fluorescence (V = 5.2%), while mean leaf assimilation surface area the least stable indicator (V = 46.82%). Mądry and Rajfura (2003) also found that this indicator was not very stable. Michałek and Sawicka (2005) found that higher stability of these features and different reactions of cultivars to weather conditions during the study were considered to be the main reason for their fluctuations. According to Mądry and Rajfura (2003) , the variation coefficient is particularly recommended for ranking the importance of traits in multi-trait studies. Traits are considered to be stable when the variation coefficients do not exceed arbitrary values. The higher the variation coefficient, the less uniform set of observation units composes the sample. In such cases, positional variability measures such as range, interquartile range, relative quartile and deciles indicators are preferred.
The relative change in potential quantum efficiency of PSII (F v /F m ) appeared to be quite stable (V = 7.3%). Starck (2010) reported that the functioning of PSII was the most sensitive indicator of the interactions of various factors affecting plants, which is useful in cultivation when selecting plants with a desirable genotype. Michałek and Sawicka (2005) , when comparing the values of the parameter F v /F m with the dry matter content in tubers; found that these values were greater for cultivars with higher yielding potential.
The values of the variation coefficient for photochemical (q p ) and non-photochemical (q n ) chlorophyll fluorescence quenching under the experimental conditions were low and therefore these traits were stable throughout the study period and were characterized by the most beneficial ratio of photons absorbed by PSII to photons used for open centres in photosynthesis reactions. According to Kocurek et al. (2009 ), Loboda (2010 and Starck (2014) , it may indicate that under such circumstances no disturbance of the Calvin cycle is present in the studied cultivars, which can be associated with decreased utilization of a ATP (denosine triphosphate) during the dark phase of photosynthesis.
When considering the relationships between the contents of particular chemical components in potato tubers and physiological indicators, it was found that the chlorophyll level determined the concentrations of almost all chemical components studied, except for crude fibre. According to Starck (2010) , the chlorophyll molecule is a very efficient photoreceptor, because it has double conjugated bonds. This type of molecules has strong absorption bands within the visible range absorbed by chlorophyll that makes it excited. The return of excited molecule to its general state is accompanied by radiation emission, i.e. fluorescence. However, the process is not 100% efficient; hence, fluorescence radiation is more long-waved as compared to light that invoked the fluorescence. Loboda (2010) reported that during different types of stress, e.g., at excessive radiation levels or low temperatures -the balance between supply of the socalled assimilation force ATP and NADPH (nicotinamide adenine dinucleotide phosphate-oxidase) produced by means of photochemical reactions and decreased demand for these products in enzymatic reactions of the dark phase of the Calvin-Benson cycle is disturbed. Such a situation forces the dissipation processes of energy absorbed by chlorophyll, which results, among others, in intensified fluorescence. According to Lamperski (2007) , the excitation energy is transported within the areas of energetic antennas or between the so-called main pigments, i.e. chlorophyll a and b molecules or even it is transferred from auxiliary pigments (β-carotenes) to the main ones and further between the main pigment molecules. Under optimal conditions, more than 90% of absorbed photons are transported through several photosystem from the antenna system to reaction centre. The excitation energy trapped in reaction centre makes it possible to perform the photochemical reaction of charge splitting, i.e. another phase of photosynthetic energy conversion.
Assimilation starch is an important carbohydrate that takes part in maintaining the homeostasis of donoracceptor balance within chloroplasts. Starck (2014) has indicated that starch accumulation results in reduced transport of photoassimilates out of this organelle. One possible reason for that can be decreased acceptor demands for photoassimilates during a stress, which most frequently results from their inhibited growth. During a drought, when potato tubers are poorly supplied with nutrients, starch accumulation is induced in chloroplasts (Gotsev et al., 2012) . Starch is also accumulated in leaves due to various disturbances in carbohydrate metabolism or in the case of phosphorus deficits (Starck, 2014) . Paul and Foyer (2001) as well as Cladiz (2009) reported that during disturbances in donor-acceptor balance of photoassimilates, carbohydrate accumulation occurs in leaves, along with decreased photosynthesis gene expression.
Minimum chlorophyll fluorescence yield had an effect only on the increased contents of total sugars and nitrates . According to Starck (2010) , sugars, nitrates, ABA (abscisic acid), and cytokines affect the post-translation regulation of trehalose and T6P genes by stimulating the starch synthesis. Serine-threonine kinase (SnRK1) and kinases dependent on Ca 2+ take part in the inactivation of TPS (syntaza Tre-6P) enzyme concomitantly with proteins. Therefore, the function of trehalose and its metabolites relates to carbohydrate metabolism. According to Paul and Foyer (2001) , T6P gene influences both the synthesis and activity of ADP (adenosine diphosphate) by stimulating starch synthesis, which changes the ratio of supplied soluble carbohydrates to immobile starch. Under low light intensity conditions, sugar deficit contributes to growth inhibition, mainly in the roots of plants living in symbiosis with fungi.
The contents of specific protein, crude fibre, and ash did not show sufficient relationships with the physiological indicators analyzed. This may have resulted from the fact that cultivars with diverse physiological indicators have a similar chemical composition. Starck (2010) suggests that the increased quantities of total protein and nitrogen in potato tubers may result from more intensive RNA (ribonucleic acid) synthesis as well as from stimulating the synthesis of proteins necessary during the synthesis of many metabolic products and nucleic acids (DNA and RNA).
The mechanisms of photosynthesis and nutrient distribution processes under stress conditions are very complex, because they depend on the intensity and duration of those unfavourable circumstances. Starck (2010) has suggested that the intensity of photosynthesis has a major role, together with the distribution and activity of acceptors, because the coordination between photosynthesis and acceptor supply with photoassimilates depends not only on their physiological functions, but first of all on their variable activity under diverse habitat conditions. It seems that the mechanisms of growth correlations, which determine the maintenance of plant homeostasis, play the dominant role here. Competition for nutrients between acceptors also plays an important role under varied conditions of a cultivated field.
Applying polynomial regression analysis in statistical processing contributed to the explanation of the examined dependencies to a higher degree than it could be done using variance analysis of straight correlations. The determination coefficient for the majority of the equation sets presented here achieved the level of 50%, which is postulated by numerous authors (Mądry, Rajfura, 2003) ; hence the adopted method can be considered to be fully reliable. The achieved results indicate the advisability of next studies on detailed selection of chlorophyll fluorescence parameters in respect to potato cultivars in order to predict tuber chemical composition during the growing period period (Kalaji et al., 2011; 2012) .
Conclusions
1. Measuring the photosynthesis indicators such as maximum efficiency of photosystem (PS) II in the dark (F v /F m ), efficiency of PSII in the light (F v' /F m' ), quantum yield of chlorophyll (Ф PSII ), as well as coefficient of photochemical fluorescence quenching (q p ) and coefficient of non-photochemical fluorescence quenching (q n ) at different stages of potato plant development allowed more complete observation of plant growth, while an increase in the values of these parameters indirectly indicated the extension of the growing season of potato crops, which might directly affect potato yield and quality.
2. The stability of tuber chemical composition was higher than that of the chlorophyll fluorescence indicators, whereas the coordination between photosynthesis and acceptor supply with assimilates depended not only on the physiological indicators, but first of all on their activity under stress conditions.
3. Defined polynomial regression equations allowed us to predict changes in the contents of the analyzed components of potato tubers on the basis of selected photosynthesis indicators such as chlorophyll a and b, minimum and maximum fluorescence yield, maximum efficiency of photosystem in the dark, and mean plant growth rate.
4. There is a possibility to apply selected chlorophyll fluorescence parameters to estimate tuber chemical composition for various potato cultivars and strains during the growing season.
5. The method of chlorophyll fluorescence can be used to assess the yield potential of potato.
